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ABSTRACT 
Correlation Between the USU Stretch Test and the Pizza Fork Test 
by 
Bryce L. Moyes, Master of Science 
Utah State University, 2003 
Major Professor: Dr. Donald J. McMahon 
Department: Nutrition and Food Science 
111 
A correlation between the USU stretch test and the pizza fork test would allow the 
stretch properties of Mozzarella cheese to be measured objectively. The Utah State 
University (USU) Stretch Test uses a modified texture-profile analyzer to pull strands of 
cheese from a melted reservoir, measuring the load exerted on the probe during 
stretching. Parameters measured by the USU stretch test include Melt Strength (FM), 
which is the maximum load exerted on the probe, Stretch Load (SL), which is the load 
exerted on the probe at any specified point following FM, and Stretch Extension (SE), 
which was defined as the extension of the probe at a selected load. To begin with, it was 
determined that the greatest repeatability and cheese performance was obtained by 
tempering 50 g of shredded cheese for 45 min at 65°C and using a three-pronged hook 
with a diameter of 25 mm as the probe. These conditions were then applied in a 
correlation study in which a low correlation was seen between the USU stretch test and 
the pizza fork test, with the greatest correlation being seen with FM (R2 = 0.22). A more 
extensive look at the effect of the tempering temperature used in the USU stretch test on 
IV 
the degree of correlation between the two tests was conducted by tempering cheeses at 
65, 70, 75 , 80, and 85°C. In this experiment, the highest correlation between the two 
tests was seen at both 80 and 85°C. Values ofR2 at 80°C for SL10•15 and SEF (Stretch 
Extension at FM) were 0.75 and 0.70, respectively. At 85°C, the highest degree of 
correlation was seen at SL10. 15 (R2 = 0.72) and SE0.1 (R2 = 0.69). A multiple linear 
correlation study was also conducted. A high degree of correlation between the USU 
stretch test and the pizza fork test was seen at 80°C when two parameters were used (SEF 
and SL22 , R2 = 0.85, Adj. R2 = 0.80) and when four parameters were used (FM, slope from 
10 to 20 em, SE0.1, and SL22, R2 = 0.97, Adj. R2 = 0.93). A set of cheese was then 
analyzed by the USU stretch test and the pizza fork test at three different intervals of 
aging (21 , 40, and 60 days after manufacture). This data was combined with previously 
collected data to show that the USU stretch test can be used to characterize the functional 
properties of a cheese using the parameters ofF M, SEF, as well as SE0.1• 
It was concluded that the USU stretch test can provide a better characterization of 
a pizza cheese than can the pizza fork test. Whereas the pizza fork test is only able to 
record the distance that the cheese can stretch, the USU stretch test is capable of 
measuring a variety of parameters, which provides not only an indication of how far the 
cheese will stretch, but also other important functional properties related to the cheese, 
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In the past 25 years there has been a dramatic increase in the popularity of Italian 
cheeses, i.e. Mozzarella, in the United States. This increase in popularity can be directly 
attributed to the rise in success of the pizza industry. An estimated 1 million tons of 
mozzarella cheese is produced annually in the United States (O'Reilly et al., 2002). 
Since a pizza consists of many other flavorful ingredients, the flavor of a pizza cheese is 
not necessarily its most important characteristic. The textural and functional properties 
of the cheese, however, are vital to an enjoyable pizza. Two of the most important 
functional properties of mozzarella cheese when used as a pizza topping are its ability to 
::;tretch and its ability to melt (Par!c et al. , 1984; Fife et al., 1996). The ability cf a pizza 
cheese to melt deals with the ability of the cheese to form a continuous melt upon 
cooking, without individual cheese particles. The ability to stretch refers to the capacity 
of the melted cheese to form fibrous strands that extend under tension (Kindstedt, 1995; 
Fife et al. , 2002). 
Tests that have been developed to measure the melt properties of cheese include 
the tube test method developed by Olson and Price (1958), the Schreiber test 
(Kosikowski, 1977), and the UW Meltmeter test (Wang et. al, 1998). In one modification 
of the tube test method (Bogenrief and Olson, 1995), cheese plugs are placed in glass 
tubes and sealed. The tubes are then submerged in hot mineral oil, and the measurement 
of melt is obtained by measuring the distance the cheese has melted at different time 
intervals. The Schreiber test uses a cylindrical cheese sample ( 41 mm in diameter, 5 mm 
in height). This sample is heated at 232°C for 5 min and the diameter expansion of the 
sample represents the degree of meltability of the sample. In the UW Meltmeter test, a 
sample of cheese (7 mm thick, 30 mm in diameter) is melted at the desired temperature 
and the melt properties are determined by applying a compressional force to the cheese 
and measuring the sample's change in height over time (UW Meltmeter Operator 
Manual, 1999). Measurements for this test are determined with a personal computer, 
which provides data that can then be processed and analyzed. 
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While these methods have been developed to objectively measure the melt 
properties of cheese, the stretch properties of cheese continue to be difficult to analyze 
objectively. The method that most cheese manufacturers employ today to measure the 
stretch properties of Mozzarella cheese is the pizza fork test. The pizza fork test is 
performed by spreading shredded cheese over a pizza crust coated with pizza sauce and 
baking the pizza. After baking, a fork is inserted into the melted cheese and raised until 
the cheese strands break. The distance traveled by the fork before strand failure or 
breakage is recorded as the stretch of the cheese (U.S. Department of Agriculture, 1980). 
Although this technique is common and used by the cheese and pizza industry, it is also 
very subjective, and dependent upon many possible variations. It is possible for two 
separate technicians to attain a different value of stretch for the same cheese, due to 
differences in how the fork is inserted, the speed used to lift the cheese, how much cheese 
covers the tines, as well as tine orientation. 
Other Stretch Tests 
A number of different methods have been developed in an effort to mimic the 
pizza fork test in a more objective manner. Some of these will be discussed here. A 
more thorough review of these methods has been recently conducted in the Ph. D. 
dissertation of Fife (2003 ). 
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Helical viscometry raises a column of melted cheese with a rotating T -bar spindle, 
and records the torque exerted on the spindle (Kindstedt et al., 1989b ). Another method 
used dumbbell shaped pieces of cheese heated in an oil bath (Ak and Gunasekaran, 
1995). In this test, one end of the cheese was held stationary while the other was 
stretched vertically under constant pressure. In this test, strands did not break even after 
400% extension. Previously, a similar test was tried, which stretched dumbbell shape 
pieces of cheese horizontally in a heated oil bath (Ak et al., 1993). This method could 
only be performed at temperatures less than 40°C, well below the temperature used to 
heat a pizza, due to sagging of the cheese. Other methods have used actual pizzas in an 
attempt to objectively measure the stretch properties of cheese. A tensile test is described 
which distributes shredded cheese atop a precut crust. Then, after cooking, one half of 
the pizza was pulled away from the other and stretch was measured as the distance 
traveled by the mobile element to the point of complete strand breakage (Guinee et. al, 
1997, 2000). Another test employed a large circular plate with a smaller circular plate 
cut out of the center. A similarly precut crust topped with cheese was then placed on the 
plate and cooked. Following cooking the smaller plate was raised, stretching the cheese. 
Again the stretchability was measured as the distance stretched until total strand failure 
(Apostopoulos, 1994). Although much work has been performed in an effort to find a 
suitable replacement for the pizza fork test, a method that is sufficiently repeatable and 
reproducil:ile has yet to be generally accepted. 
Stretch Properties of Mozzarella Cheese 
In order to identify the origin of the unique stretch properties of Mozzarella 
cheese, it is necessary to understand the protein microstructure of the cheese during 
different stages of manufacture and in the final product. Mozzarella cheese production 
begins with the addition of a thermophilic starter culture to the milk, which produces 
some acidity, at which point the milk is renneted (Fox et al., 2000). At this point, the 
casein micelles, which constitute the insoluble protein element of the milk, join together, 
surrounding the fat globules and forming a continuous paracasein network. This 
formation gives rigidity to the cheese curd (McMahon et al., 1993). The curd is then cut 
and cooked to about 41-42°C (Fox et al., 2000; McMahon et al., 1993). After the curd is 
cut, the whey is expelled. As the whey is expelled, the protein structure surrounding the 
fat globules shrinks and becomes more compact. Thicker protein strands are formed as 
casein micelles continue to link together. The cheese curd is now seen as a continuous 
phase of hydrated protein enclosing pockets of serum and fat droplets (McMahon et al., 
1993). 
The next major change in the microstructure of the cheese occurs during heating 
and stretching of the curd. Most ofthe uniquely high stretch properties of Mozzarella 
cheese originate from this procedure. During stretching, the milled curd has usually 
reached a pH around 5.1-5.3. It is then heated to about 57°C in hot water or brine at 
about 77°C (McMahon et al., 1993). At this temperature the cheese is kneaded, 
stretched, and folded until the desired texture is achieved. The combination of heat and 
pH during this process results in continued casein aggregation and contraction of the 
strands of the paracasein gel. These factors, combined with physical stretching of the 
4 
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cheese, eventually results in the formation ofparacasein fibers ofhigh tensile strength, 
with columns of serum and emulsified fat between them (Fox et al., 2000; McMahon et 
al. , 1993). It is this structure that gives Mozzarella cheese its high stretch properties. The 
proper pH is important to this process because of new surfaces that are formed due to the 
disruption of fat globules between the protein fibers. If the correct pH has been obtained, 
much of the casein is dissociated from the micelles and therefore will be available to 
stabilize these new interfaces (McMahon et al., 1993). 
Another contribution to the stretch properties of Mozzarella cheese is made 
during storage or aging ofthe cheese. During the early stages of storage, Mozzarella 
cheese exhibits a tough fibrous consistency with little free oil (O'Reilly et al. , 2002; 
Kindstedt, 1993, 1995). These characteristics improve during storage and can be 
attributed to a number of factors including hydration of the paracasein as well as 
proteolysis. 
In young Mozzarella cheese, free moisture is often given off at freshly cut 
surfaces. This makes the cheese unsuitable for shredding and melting (Kindstedt, 1995). 
As aging occurs, surface moisture is absorbed back into the block and the cheese 
develops more desirable melting characteristics (Guo and Kindstedt, 1995; Kindstedt, 
1995). This is due to increased hydration of the paracasein matrix. This increased 
hydration is mediated by hydrolysis of the paracasein, the increase in pH, and the 
solubilization of casein-bound calcium. The increase in pH (from about 5.15 at day 1 to 
about 5.35 at day 5) is caused by the loss of both lactic acid as well as soluble calcium 
phosphate in the water used to heat the curd during stretching. The loss of soluble 
calcium results in the solubilization of colloidal calcium phosphate. This loss of calcium 
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occurs during brining, due to diffusion, if sufficient calcium is not added to the brine 
(0.6% calcium content) (Geurts et al., 1972; Pastorino, 2003). The resulting free 
phosphate ions (Pol-) then scavenge free hydrogen (W) ions, causing an increase in pH. 
The result of these occurrences is an expansion or swelling of the paracasein matrix. This 
swelling can be easily observed by confocal laser scanning microscopy (Fox et al., 2000), 
and measured by the amount of expressible serum recovered by centrifugation of grated 
cheese at 12,500 x g for 75 min at 25°C (Guo and Kindstedt, 1995). 
Proteolytic changes also affect the stretchability of Mozzarella cheese even 
though Mozzarella exhibits a relatively low level of proteolysis, compared to other 
cheeses such as Cheddar and Gouda. This lower rate of proteolysis can be attributed to 
partial inactivation of the rennet due to high temperatures during heating and stretching. 
Primary proteolysis of the paracasein by residual rennet and/or plasmin, as well as starter 
cultures can be observed, as reflected by the increase in the level of nitrogen soluble at 
pH 4.6 (Fox et al. , 2000). Hydrolysis of intact casein that form the structural backbone of 
the cheese matrix allows the cheese texture to become less elastic and more homogenous, 
contributing increased stretch to the cheese (Kindstedt et al., 1992). 
Previous Development of the USU Stretch Test 
In 1996, the development of a new method for measuring the stretch properties of 
cheese was reported by Utah State University (McMahon et al., 1996). This test was 
designed to objectively measure the stretch properties of melted mozzarella cheese. The 
USU stretch test used a tensile-testing machine (e.g., Instron or other texture profile 
analyzer) in tensile mode. A water jacketed sample cup holder was mounted to the base 
of the instrument and attached to a circulating temperature-controlled water bath, which 
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was also used to heat the sample cups containing the cheese to be tested. Aluminum foil 
was used to cover the sample cups in order to prevent evaporation. Approximately thirty 
grams of cheese was used in these tests, which were mainly conducted on blocks of 
cheese, so plugs of cheese (height 3.5 ern; diameter 3.0) were used. It was determined 
that a three-pronged hook probe design would provide the best results. The probe was 
lowered to about 3 rnrn from the bottom of the cup. The cup was rotated 116 turn, locked 
into place, and the probe was pulled vertically at 1 00 em/min for 30 ern. 
From this test, three parameters were measured. The first parameter was Melt 
Strength (F M), which was defined as the maximum load obtained during the test. This 
occurred while the probe was being pulled through the melted cheese. Second was 
Stretch Quality (SQ5 and SQ2o), which was defined as the load being exerted on the probe 
at a specified level of extension. In the preliminary work, the Stretch Quality was 
recorded at 5 and 20 ern. The fmal parameter was Stretch Length, which was defined as 
the distance the strands stretched before breaking. A plot of load versus time was created 
to show the stretch profile of the cheese. 
It was later reported by Fife et al. (2002) that a combination of the three 
parameters obtained from the USU stretch test (FM, SQ, and Stretch Length) could be 
used to measure differences in melted cheese performance. It was shown that F M could 
be correlated with apparent viscosity and that Stretch Length and SQ could be used to 
describe how well the cheese stretches. It was also shown that although no correlation 
between Stretch Length and measurements from the pizza fork test were seen at lower 
temperatures of60 and 70°C (R2 < 0.1), some correlation was seen (R2 = 0.52) when the 
cheese was tested at 90°C. 
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Application to Cheese Industry 
A simple, rapid, and objective test for measuring the stretchability of Mozzarella 
cheese would be of use to the cheese and pizza industry since more quantitative 
information of cheese performance would be attainable. Also, the subjective 
measurements from the pizza fork test would not have to be depended upon entirely. 
Values from such a test could be readily reproduced between laboratories. Since the 
method would be performed using solely cheese, additional variability caused by other 
ingredients would be eliminated. Such a test would provide a better understanding of the 
functional properties of the cheese. The test would need to have adequate repeatability 
and reproducibility. It would also be valuable if some correlation could be established 
between such a test and the pizza fork test. 
9 
HYPOTHESIS AND OBJECTIVES 
It was hypothesized, that a combination of parameters obtained from the USU 
stretch test, would allow the stretch properties of a pizza cheese to be defined in a more 
objective manner than is currently possible using the pizza fork test. Proving this would 
consist of a two-fold objective. To begin with, the optimum conditions for measuring the 
stretching properties of melted cheese with the USU stretch test would be determined. 
Secondly, these conditions determined during the first part of the study would be 
employed in an effort to correlate the melt and stretch parameters of the cheese measured 
using the USU stretch test to results from the pizza fork test. 
10 
MATERIALS AND METHODS 
Experimental Design 
This study has been divided into four parts. In the first part of the study, 
"Determination of Optimum Conditions" different conditions were applied to the USU 
stretch test in order to determine which conditions would provide an accurate and 
repeatable analysis of the stretch properties of shredded cheese. In Experiment 1, these 
conditions were applied to the USU stretch test on a set of 18 cheeses. Data recovered 
from the USU stretch test was correlated with data from the pizza fork test and individual 
correlations were calculated. In Experiment 2, the effect of the tempering temperature 
used in the USU stretch test was examined by analyzing a set of nine cheeses using 
tempering temperatures of 65, 70, 75, 80, and 85°C. In Experiment 3, the effect of aging 
on the stretch properties of cheese was examined by analyzing a set of seven cheeses at 
days 21, 40, and 60 after manufacture. 
Cheese 
Mozzarella cheese was provided by Leprino Foods (Denver, CO). Cheese used in 
the "Determination of Optimum Conditions" part of the study was received in a frozen 
and shredded form as well as in refrigerated blocks. Cheese used in Experiments 1 and 2 
was received as shredded and frozen cheese. Cheese used in Experiment 3 was received 
as refrigerated blocks. Frozen cheese was thawed at 4°C for 2 d before testing. 
Refrigerated blocks of cheese used in Experiment 3 were divided upon arrival into 
smaller blocks, vacuum packaged and stored at 4 oc. Similar treatment was performed by 
Leprino Foods prior to analysis by the pizza fork test. Analysis of moisture content, fat 
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content, fat on the dry basis, salt, and pH was conducted by Leprino Foods. Protein and 
calcium content were determined at the USU Soils Analysis laboratory. 
Pizza Fork Test 
Pizza fork test values were provided by Leprino Foods and conducted according 
to the following parameters. A pizza was made using a 15-oz ball of dough, 4 oz of pizza 
sauce and 7 oz of cheese. The pizza was baked at 266°C for 6 min using a Middleby 
Marshall 360Q oven (Elgin, IL). The test was conducted 3 min after removal from the 
oven. The stretch of the cheese was measured as the inches traveled by the fork until 
breakage of the cheese strand, and measurements were rounded to the nearest inch. 
USU Stretch Test 
The USU stretch test was performed in a manner similar to that described by Fife 
et al. (2002). In this test, a tensile tester (Instron, Canton, MA, model 5542) was 
modified in order to measure the stretch properties of cheese. A three-pronged hook was 
used and stainless steel sample cups were used to hold the cheese during melting and 
stretching. A stainless steel water-jacketed cup holder was also fabricated. This cup 
holder was mounted to the base of the Instron tensile tester, and attached to a circulating 
water bath. Cheese was weighed and placed into the sample cups, which were then 
covered with foil to prevent evaporation during melting. Cups were placed in the 
circulating water bath, which had been heated to the desired temperature. Cheese was 
tempered in the water bath to achieve a uniform temperature and consistent melting 
throughout the sample. A sample cup was then taken from the water bath and inserted 
into the water-jacketed cup holder, mounted to the base of the tensile tester. The 
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instrument was pre-set so that the probe could be lowered to within 3 mm of the bottom 
of the cup. The cup was turned approximately 116 tum and locked into place. After a 30-
s wait to allow the cheese to surround the hook, the probe was raised vertically at a rate 
of 100 em per min for 30 em. Using the data recovered from this test, the load exerted on 
the probe in Newtons (N) (1 N is equivalent to a load of 102 g) was plotted against the 
extension ofthe probe to provide the stretch profile ofthe cheese (Figure 1). 
From the USU stretch test, many parameters can be obtained. Some values are 
provided by the computer program while others are calculated using the recovered data. 
Since it was not known which values collected from the USU stretch test would correlate 
to the pizza fork test, a large amount of data was collected to be analyzed. The collected 
data can be divided into the following parameters. Melt Strength (FM) was defined as the 
maximum load obtained during the test. This value was reached as the probe was pulled 
through the melted cheese mass. The distance traveled in centimeters by the probe at F M 
was termed the Stretch Extension at Melt Strength (SEF ). Beginning at 5 em, the load 
exerted upon the probe was collected at 1-cm intervals. This value was termed Stretch 
Load (SLx), previously "Stretch Quality" (Fife, 2003), referring to the load being exerted 
on the probe at an extension ofx em, so that SL 10 would be the load (N) exerted upon the 
probe after it had been raised 10 em. Values of SL were also averaged, e.g., the SL value 
from 5 to 10 em (SLs-Jo) reflects the average load from 5 em to 10 em. These values of 
SL were also used to calculate the slope of the curve formed as the load exerted on the 
probe decreased with increasing extension of the probe. 
The final values that were collected from the test were termed Stretch Extension 
(SEN). These values denote the distance traveled, in centimeters, by the probe to a point 
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where the load has decreased to a certain predetermined value (N) following FM. For 
example, SEo.s would be equivalent to the extension of the probe when the load had 
decreased to 0.5 N. The following data was collected from the USU stretch test: FM, SE 
at FM, and at 0.5 , 0.4, 0.3 , 0.2, 0.1 , 0.05 and 0.00 N; SL values from 5 em to 30 em; and 
the average SL from 5-10 em, 10-15 em, 15-20 em, and 20-30 em. Slopes were also 
calculated from 5-10 em, 5-15 em, 5-20 em, 10-15 em, and 10-20 em. 
2 l ~FM i 
1.6 
FM=Melt Strength 
,..-._ 1.2 SEr=Stretch Extension at FM 
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Figure 1. An example of a typical stretch profile, indicating points where measurements 
of Melt Strength (FM), Stretch Extension at FM (SEF), Stretch Load at 5 em (SL5), and 
Stretch Extension at 0.4 N (SEo.4) are taken. 
Determination of Optimum Conditions for Stretching 
In order to attain useful and consistent data from the USU stretch test it was 
necessary to determine the conditions that would be the most conducive to finding 
repeatable as well as reproducible data. It would also be necessary for this method to 
show significant differences between cheeses with different stretch properties. 
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Shredded cheese versus plugs of cheese. Since cheese was obtained in both 
shredded and block form, it was necessary to determine whether significant differences 
would be found in the data obtained by the USU stretch test when shredded cheese was 
used as opposed to plugs of the same cheese. To examine this, plugs were taken from a 
block of cheese and analyzed in triplicate using the USU stretch test. Next, the block was 
shredded and these shreds were analyzed in triplicate using the same technique. Data 
obtained from these sets were compared and significant differences were noted. 
Sample size. To determine the optimum sample size that should be used to 
analyze cheese using the USU stretch test, two sample sizes were selected for 
comparison: 30 g and 50 g. Since the sample cups that had previously been used in the 
USU stretch test were designed for the analysis of 30 g of cheese (height 5.0 em, 
diameter 3.5 em), new cups as well as a new water-jacketed cup holder were made to 
accommodate 50 g of shredded cheese (height 12.5 em, diameter 3.5 em). Selected 
cheeses were analyzed with the USU stretch test using both 30 and 50 g of sample. Tests 
were performed in triplicate and data from the tests as well as subjective observations of 
the performance of the cheese during the test were made. 
Hook size. Following the determination of the optimum sample size, it was 
necessary to determine the optimum size of the hook that would be used as the probe in 
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the USU stretch test. Previous findings had shown that a three-pronged hook was 
superior to other probes with either five hooks or probes that were T-shaped (Fife, 2003). 
In this study, the effect of a larger three-pronged hook (diameter~ 35 mm) versus a 
smaller three-pronged hook (diameter ~ 25 mm) on stretch profile was examined. 
Similar to the determination of optimum sample size, cheeses were tested in triplicate, 
using both the smaller hook, as well as the larger hook. Data from the two probes were 
compared and subjective observations of cheese performance during testing were also 
made. 
Tempering temperature. In order to determine the optimum temperature at which 
to temper cheese to be tested by the USU stretch test, two temperatures were investigated. 
One temperature was selected to represent the temperature reached during baking of a 
pizza (90°C) (Fox et al., 2000), and another was selected to represent the temperature of 
cheese when consumed, after it is allowed to cool (65°C) (Kindstedt et al., 1989a). 
Cheeses were tempered for 45 min in a water bath set at the desired temperature and were 
then analyzed by the USU stretch test. Another technique involving tempering the cheese 
at 90°C, followed by subsequent cooling to 65°C before testing, was used to simulate the 
baking and cooling of a pizza. An experimental design similar to that used in the 
determination of optimum sample size and hook size was used to determine the optimum 
temperature. Cheeses with different functional properties were selected and tested in 
triplicate at 65°C and 90°C, and also a set that was heated to 90°C and cooled to 65°C. 
Data from the USU stretch test for each of these temperatures was compared as well as 
subjective observations of cheese performance during testing. 
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Tempering time. A study was carried out to determine the period of time that the 
cheese should be tempered in the water bath. If the cheese is tempered for an extended 
length of time, the cheese will tend to dry out, causing the cheese to display altered 
stretch properties. Ifthe cheese is not tempered long enough, it will result in incomplete 
melting of the cheese, resulting in partially melted particles of cheese. Using a 
thermocouple, one sample of cheese was tempered at the desired temperature and a 
reading of temperature was taken at 5-min intervals in order to create a plot showing the 
relationship between time and temperature of the cheese. 
Experiment 1 
Optimum conditions for the analysis of stretch by the USU stretch test were 
applied to a set of 18 cheeses, which were also analyzed by the pizza fork test. Each 
sample was tested in quadruplicate. Values obtained from the pizza fork test were 
correlated with data provided by the USU stretch test. 
Experiment 2 
In Experiment 2, the USU stretch test was conducted according to the same 
parameters that were used in Experiment 1, with the exception of tempering temperature. 
Cheeses were tempered at 65, 70, 75, 80, and 85°C and analyzed in duplicate by the USU 
stretch test. Cheeses were also analyzed by the pizza fork test and values obtained from 
this test were correlated with data obtained from the USU stretch test. 
Experiment 3 
In Experiment 3, a set of seven cheeses was received as refrigerated blocks. 
Cheeses were divided into individual blocks for testing on days 21, 40, and 60 after 
manufacture. Each block of each cheese in this study was tested in duplicate and 
tempering temperatures of 65, 70, 75, 80, and 85 oc were used. 
Statistical Analysis 
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In the "Determination of Optimum Conditions" portion ofthe study, descriptive 
statistics were calculated in order to determine the repeatability of the USU stretch test 
when different conditions were applied to the method. Also analysis of variance was 
conducted to determine whether significant differences resulted when changes in the 
USU stretch test were made. In Experiments 1 and 2, data obtained from the USU stretch 
test was correlated with values obtained from the same cheeses using the pizza fork test. 
Individual correlations were used to determine the amount of variance in the pizza fork 
test that could be explained by different parameters measured by the USU stretch test. In 
Experiment 2, a multiple linear regression was performed at each tempering temperature, 
using values from the USU stretch test that showed the greatest individual correlation 
with the pizza fork test. 
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RESULTS AND DISCUSSION 
Determination of Optimum Conditions 
Shredded cheese versus plugs of cheese. Significant differences were observed 
when the same cheese was tested in shredded form as opposed to a plug of cheese taken 
from the same block of cheese. It was observed that testing of the plug form of cheese 
resulted in an increased load for the duration of the test. These differences can be easily 
noted by observing the stretch profiles of these two forms (Figure 2). Statistical analysis 
also showed significant differences (P < 0.001) between the two forms of cheese at FM as 
well as at SL measurements of5, 10, 15, and 20 em. This difference was probably 
caused by differences in the melting properties ofthe two forms. Shredded cheese is 
loosely packed in the sample cup, resulting in more air being trapped in the melted cheese 
mass. Plugs of cheese, on the other hand, are melted in a more compact form, resulting 
in a melted cheese mass that remains more densely packed. This caused an increased 
load to be exerted on the probe when plugs were used. This was also observed by Oberg 
et al. (1992) who observed that the stretch of mozzarella cheese was significantly affected 
by shredding, in a study that measured stretch by helical viscometry. It was decided that 
all cheese received in block form would be shredded prior to testing, in order to obtain 
consistent data. 
Sample size. In order to determine the optimum sample size of cheese to be used 
in the USU stretch test, samples were tested using 30 g and 50 g of cheese. Subjective 
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observations ofthe stretch performance of the cheeses showed that when a 30-g sample 
of shredded cheese was used, the hook tended to pull the melted cheese from the sample 
cup until no cheese was left in the cup. When 50 g of cheese was used, there was 
sufficient cheese to be stretched for the entire 30 em. Another benefit of increased 
sample size could be seen in the fact that larger load values were obtained, e.g., 2.2 ± 0.1 
Nand 1.4 ± 0.1 N for FM and SL5 when 30 g of cheese was used, compared to 3.7 ± 0.1 
Nand 2.5 ± 0.1 for FM and SLs when 50 g of the same cheese was used. This results in 
increased repeatability and greater significant differences between the cheeses when 50 g 
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Figure 2. A comparison of stretch profiles of shredded cheese (•) versus plugs of 
cheese (X) taken from the same refrigerated block of pizza cheese (n = 3). 
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Hook size. In the next portion of the experiment, two three-pronged hooks, small 
and large, were examined for use as probes. Significant differences between samples 
analyzed by the two hooks were attained (P < 0.005) for FM, as well as SL values at 5, 
10, 15, and 20 em. An examination of the stretch profiles of cheeses stretched by both 
hooks (Figure 3) reveals that cheeses stretched using the larger hook experienced a 
greater amount of slippage than did cheeses stretched with the smaller hook. Slippage 
can be defined as the tendency of the hook to pull the entire plug of melted cheese from 
the bottom of the cup. This occurs in the first 1 0 em of the test when the cheese fails to 
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Figure 3. Comparison of the stretch profiles obtained by stretching the same cheese 
using a large hook (•) and a small hook (X). The wavy plot seen in the large hook's 
profile is indicative of slippage (n = 3). 
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through examination of the stretch profile. When the cheese slips, the load exerted on the 
probe decreases. Then, as the cheese adheres to the cup again, the load increases. This 
results in a plot that appears to be wavy and also generates a false value ofF M since a true 
peak was never reached. This slippage was greatly minimized using the smaller hook. 
Another step that has been implemented in an effort to eliminate this slippage is the 
roughening of the inside of the sample cups. This roughened surface was formed using a 
lathe and improved the degree to which the cheese adheres to the inside of the cups, and 
thereby minimized slippage. The smaller hook (25 mm in diameter), therefore, was 
chosen for all future analysis with the USU stretch test. 
Tempering temperature. Cheese tested at 65°C provided significantly higher 
values ofFM as well as SL values than cheese tested at 90°C. Cheeses that were heated 
to 90°C and cooled to 65°C showed a high degree of drying out. Therefore, a satisfactory 
level of repeatability could not be achieved. The stretch profiles of a cheese tested by the 
USU stretch test using each of these tempering procedures is shown in Figure 4. 
Judging solely upon repeatability and subjective observations made during this 
part of the study, it was difficult to determine what the optimum temperature should be. 
It was decided that the process of heating the cheese to 90°C and cooling it to 65°C could 
be eliminated due to excessive drying out. It was also decided that heating to 90°C also 
resulted in a decreased repeatability, due to low load values as well as partial drying out 
of the cheese. It was determined that judging solely on the tempering temperatures 
examined in this portion of the study, that 65°C would be the temperature used in 
Experiment 1. This temperature was chosen due to a number of reasons. To begin with, 
this is the temperature that the pizza cheese usually cools to when consumed as well as 
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the temperature of the cheese when analyzed by the pizza fork test. This temperature is 
also used in various methods used to determine melt (Kindstedt et al., 1989a; Kuo et al., 
2001) 
Tempering time. A thermocouple was employed to determine the tempering time 
necessary to heat the cheese to its desired temperature. It was observed in earlier trials 
that when shredded cheese was tempered at 65°C for 30 min, a fully melted cheese was 
not obtained. Instead, small particles of unmelted cheese could be readily observed. 
Temperature data obtained from a thermocouple inserted into the cheese showed that 
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Figure 4. Stretch Profile comparing the same cheese tempered three different ways. 
Heating to 90°C followed by cooling to 65°C ( 0 ), tempering at 65°C ( X ), and 
tempering at 90°C ( 0) (n = 2). 
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quick rise during the first 5 min, followed by a slower rise in temperature. After 
approximately 20 min, the interior temperature of the cheese reached about 60°C. At this 
point, the temperature of the cheese continued to increase, although very slowly. At 30 
min, the temperature of the cheese remained 2-3° below the desired temperature of 65°C 
(Figure 5). Similar results were seen when the cheese was heated at 90°C. It was 
concluded that in order to be assured that the entire sample of cheese had reached the 
desired temperature, a tempering time of 45 min would be used. 
Another benefit derived from this part of the study, apart from the determination 
of optimum conditions, was that the repeatability of the method could be examined. 
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Figure 5. Plot of temperature of shredded cheese versus time, when heated in a water 
bath at 65°C (n = 1). 
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For the most part, a high degree of repeatability was seen throughout the data. The least 
repeatable parameter measured by the USU stretch test proved to be FM. This parameter 
could still be measured to the nearest 0.1 or 0.2 N. As the load values decreased, smaller 
confidence intervals were obtained, e.g. , SL values from 10 to 30 em could be measured 
confidently to the nearest 0.01 to 0.02 N. The cause of increased repeatability as the test 
progressed can be seen by comparing the stretch profiles of the replicates. In some cases, 
where a difference is seen between the FM values for two or three replicates, the curves of 
these replicates converge following F M, as the probe exits the cheese mass and continues 
to stretch the cheese (Figure 6). Statistical data for this set of cheese can be seen in Table 
1. Since the measurement ofFM is taken before the probe exits the melted cheese mass, 
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Figure 6. An example of five replicates ofthe same cheese, showing different FM values, 
but having stretch profiles that are very similar from 5 em to the end of the test. 
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Table 1. Statistical analysis of the repeatability of the USU stretch test measurements for 
a typical sample of cheese (n=4). 
Statistical Parameter FM SLs SL1s SL2s SEo.s (N) (N) (N) (N) (em) 
Mean 1.38 0.93 0.19 0.13 8.11 
Standard Deviation 0.15 0.03 0.01 0.01 0.26 
Confidence Interval 
± 0.2 ± 0.05 ±0.02 ±0.02 ±0.4 (95%) 
Coefficient of Variation 10.9 3.20 7.40 7.70 3.20 
in how the cheese melts in the sample cups. Differences could originate from how the 
cheese was packed into the cup, the amount of air trapped in the melted cheese, or the 
degree of adhesion between the cheese and the sides of the sample cup. 
Experiment 1 
The chemical compositions of the 18 cheeses used in this study can be seen in 
Table 2. The USU stretch test conducted in Experiment 1 used 50 g of shredded cheese. 
The cheese was tempered for 45 min at 65°C, and the smaller hook (25 mm diam.) was 
used as a probe. Data obtained from the USU stretch test was correlated with pizza fork 
test values and R2 values were recovered. Low correlation was seen in this experiment. 
Melt Strength (FM) showed the greatest amount of correlation although it did not show a 
significant correlation (R2 = 0.22). Other parameters that showed similar correlation to 
the pizza fork test, such as the slope from 5 to 10 em (R2 = 0.22), showed a high 
correlation to FM (R2 = 0.85). It was also observed that FM displayed a relatively high 
correlation to the compositional properties of the cheese. Over half of the variation in 
moisture content could be explained by FM (R2 = 0.56, Table 3), and when multiple 
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Table 2. Chemical compositions of the cheeses used in Experiment 1. 
Cheese Moisture Fat FDB Salt pH 
A 53.0 20.8 44.1 1.70 5.34 
B 53 .0 21.8 46.3 2.02 5.42 
c 52.3 22.0 46.1 1.99 5.32 
D 53.4 22.0 47.2 1.96 5.39 
E 51.4 23.5 48.4 1.87 5.29 
F 50.8 23.0 46.8 2.11 5.34 
G 52.9 22.5 47.8 1.99 5.24 
H 51.7 22.8 47.1 1.70 5.28 
I 51.0 21.5 43.9 1.87 5.36 
1 49.0 24.3 47.6 1.70 5.45 
K 50.4 22.8 45.9 2.34 5.30 
L 52.4 22.8 47.8 2.05 5.31 
M 52.8 22.5 47.7 1.87 5.23 
N 51.8 22.0 45.6 1.70 5.36 
0 53.0 21.0 44.7 1.76 5.38 
p 50.3 21.8 43.8 1.70 5.21 
Q 51.7 21.5 44.5 1.58 5.34 
R 50.8 23.3 47.3 1.99 5.33 
Table 3. Values ofR2 for parameters measured by the USU stretch test with other 
parameters measured by the test as well as compositional data. 
Statistical Slope from 
Parameter FM SL 1o-15 5-10 em SEo.s SEF Moisture Fat 
FM 1.000 
SL 1o-15 0.762 1.000 
Slope from 0.846 0.666 1.000 5-10 em 
SEo.5 0.773 0.999 0.671 1.000 
SEF 0.202 0.210 0.523 0.203 1.000 
Moisture 0.564 0.371 0.504 0.386 0.048 1.000 
Fat 0.025 0.025 0.002 0.025 0.037 0.376 1.000 
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regression was performed it was observed that an even greater correlation was found with 
FM and a combination of moisture content and fat on the dry basis (Adjusted R2 = 0.66). 
A more thorough representation of the data obtained from this experiment along with 
corresponding R2 values can be found in Table 14 of Appendix A. 
From the results of Experiment 1, it was decided that a more thorough 
temperature study should be conducted. This study would examine different tempering 
temperatures and would be performed in Experiment 2. 
Experiment 2 
In Experiment 2, nine cheeses were selected for analysis by the USU stretch test 
and the pizza fork test. The USU stretch test was performed in the same manner as 
Experiment 1, with the exception of tempering temperature. Cheeses in this experiment 
were tempered at 65, 70, 75, 80, and 85°C. The chemical composition of these nine 
cheeses can be found in Table 4. 
Following this analysis, a correlation study was conducted to determine which 
parameters obtained from the USU stretch test displayed a higher individual correlation 
to the values obtained from the pizza fork test. From this study, six values were selected 
as having the highest overall correlation to the pizza fork test at each of the five 
temperatures. The six parameters that were chosen were FM, SL10_15, SL2o-3o, slope from 
10-15, SE0.1, and SEF. The level of correlation (R2) for these six parameters can be seen 
in Table 5. Actual values for each parameter at each temperature can be seen in Table 15 
of Appendix B. 
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Table 4. Chemical composition of the cheeses used in Experiment 2. 
Cheese Fat Moisture FDB pH Salt Protein Calcium 
s 23.3 49.4 46.0 5.24 1.93 3.05 0.67 
T 25.0 48.3 48.4 5.37 1.43 3.48 0.61 
u 24.0 50.1 48.1 5.37 1.81 2.49 0.41 
v 22.8 51.6 47.0 5.52 1.52 2.87 0.47 
w 21.8 52.5 45.8 5.26 1.81 2.98 0.46 
X 24.0 49.3 47.3 5.26 1.93 2.80 0.49 
y 21.8 52.8 46.1 5.35 1.80 2.93 0.51 
z 23.3 50.3 46.8 5.34 1.70 2.75 0.50 
AA 28.8 44.0 51.3 5.30 1.90 2.75 0.52 
Table 5. Values ofR2 for different parameters measured by the USU stretch test with the 
single value of stretch provided by the pizza fork test. 
Temperature FM SL10-ts SL2o-Jo 
Slope from 
SEo.t SEF 10-15 em 
65°C 0.538 0.521 0.344 0.429 0.000 0.083 
70°C 0.532 0.410 0.499 0.207 0.271 0.715 
75°C 0.371 0.351 0.417 0.168 0.300 0.288 
80°C 0.377 0.735 0.745 0.463 0.590 0.701 
85°C 0.497 0.606 0.483 0.640 0.690 0.130 
Additionally, one parameter was selected from each temperature that showed a 
high individual correlation to the pizza fork test, which may not have shown a correlation 
at the other temperatures used. These values were recorded, to be used later in a multiple 
linear regression study. These values and their corresponding R2 values are shown in 
Table 6. 
It was also interesting to note that for each temperature, a SE value could be 
found with a relatively high correlation value. The load at which a correlating SE value 
was measured, however, decreased with increasing temperature (Table 7). A summary of 
the R2 values at each SE reading is shown in Table 16 of Appendix B. 
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Table 6. Additional R2 values ofUSU stretch test parameters with the pizza fork test for 
parameters with a high degree of correlation unique to the specific tempering 
temperature. 
Temperature Parameter R2 (oC) 
65 SLs-lo 0.507 
70 SL29 0.523 
75 SL3o 0.643 
80 SL22 0.835 
85 SLs-lo 0.712 
Table 7. Values ofR2 for Stretch Extension (SE) values obtained at different tempering 
temperatures. 
Temperature SE value R2 (OC) (N) 
65 0.5 0.524 
70 0.2 0.498 
75 0.1 0.300 
80 0.1 0.590 
85 0.05 0.738 
Judging solely upon individual correlations, it could be said that a greater 
correlation is found between the two tests when the cheese is tempered at a higher 
temperature (80°C or 85°C). The parameter that showed the most correlation to the pizza 
fork test throughout the entire temperature range was Stretch Load from 10 to 15 em. 
This can be better understood by looking at the position of the probe relative to 
the melted cheese mass at this point. The melted cheese mass fills about 4 em of the 
bottom of the sample cup, therefore, at 10 em the probe has extended the cheese for 
approximately 6 em. The sample cup is approximately 10 em tall, so the measurement of 
this parameter also begins as the probe begins to leave the heated sample cup. At this 
point, strands from some of the low stretch cheeses begin to break while others continue 
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to exert a relatively high load on the probe. The slope of the curve formed in this region 
also showed some correlation to the pizza fork test when tested at a higher temperature 
(R2 = 0.64 at 85°C). This region probably shows a high degree of correlation with the 
pizza fork test because the cheese at this point most closely resembles the cheese during 
the pizza fork test. Because the probe used in the USU stretch test is raised as a slower 
speed that the fork used in the pizza fork test, the cheese has a greater tendency to dry out 
before the test is complete. As the cheese is being stretched from I 0 to 15 em however, it 
has recently emerged from the heated sample cup, which reduces drying out. Therefore, 
the cheese shows more resemblance to the cheese used during the pizza fork test. This 
could explain the higher correlation values in this region. 
It was noted that F M values showed a greater degree of correlation at lower 
tempering temperatures (65 and 70°C). Because FM is a measurement taken as the probe 
is pulled through the melted cheese mass, it is not as much of a measure of the stretch 
properties of the cheese as it is a measure of the viscosity of the melted cheese. Viscosity 
does play a role in the stretchability of the cheese, as it influences how well the melted 
cheese can flow, but there are additional factors that are probably not measured by this 
parameter. This can be observed by noting that the R2 values for FM at lower 
temperatures explain roughly half of the variation in the pizza fork test (R2 = 0.537, 0.532 
at 65 and 70°C, respectively). At these lower temperatures, the melted cheese remains 
fairly viscous and elastic, which contributes to stretch. As the temperature increases the 
melted cheese loses elasticity and becomes more fluid, and the FM values have less 
impact on the subsequent stretch of the cheese. This explains the reduced correlation of 
FM with the pizza fork test at higher temperatures. Kindstedt et al. (1989a) reported that 
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the test protocol for the measurement of cheese viscosity by helical viscometry is to bake 
the pizza at 232°C for 12 min or 343°C for 6 to 7 min, and that both protocols heat the 
cheese to about 65 to 70°C. 
The Stretch Extension at FM (SEF) also showed some degree of correlation with 
the pizza fork test at 70 and 80°C. This is probably also related to the measurement of 
viscosity or elasticity that is attained as the probe is stretched through the melted cheese 
mass. It is unknown however, why correlation values were high at these temperatures, 
but dramatically less at other temperatures (65, 75, and 85°C). 
A high degree of correlation was expected between the pizza fork test and SE 
values. These values are the closest representation of strand breakage that can be 
gathered from the USU stretch test. At lower temperatures most of the cheese tested in 
this study was capable of stretching the entire distance without breaking. At higher 
temperatures some cheeses would break, but a significant amount of cheese would 
r~m~in on the probe. For this reason, a load of zero was rarely obtained. Stretch 
Extension (SE), then, was used to determine the point at which the load decreased to 
some predetermined value. As shown in Table 4, nearly every tempering temperature, 
with the exception of75°C, showed a SE load value that had shown some correlation 
with the pizza fork test. At low temperatures, a higher load was used. This point 
represents the area where most of the load being exerted on the probe comes from the 
weight of the cheese that has already been pulled from the melted cheese mass. At higher 
temperatures, this point represents the distance traveled by the probe until the strands 
actually break, and no more additional cheese is being pulled from the sample cup. 
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A multiple linear regression was performed for each tempering temperature using 
the values found in Tables 5 through 7. Models were then chosen based upon the 
adjusted R2 values of the model. Adjusted R2 is similar to R2, however, the adjusted R2 
value takes into account both the sample size and the number of parameters in the model 
(McClave, 2000). In an effort to obtain an increased correlation, 
the data was transformed using the square root as well as the squared term for data that 
had shown a high individual correlation value. A few models were selected based upon 
the adjusted R2 value as well as the number of variables in the model. These selected 
models can be seen in Table 8, along with their corresponding R2 and adjusted R2 values. 
As was observed by individual correlation values, the highest correlation was seen 
when higher tempering temperatures were used. Adjusted R2 values greater that 0.8 were 
obtained using only two parameters recovered at tempering temperatures of 80°C and 
85°C. When as many as four parameters were combined in the study, adjusted R2 values 
of near 0.9 were seen. The size of the sample set used in this experiment limits the 
conclusions that can be drawn from these results, but a larger sample set could prove that 
these parameters could be collected to provide an increased correlation to the pizza fork 
test. Since the computer program automatically captures the data used in these 
regressions, it would be rather simple to obtain and combine this data. 
Experiment 3 
The chemical composition of the six cheeses selected for Experiment 3 is shown 
in Table 9. 
A comparison of the data obtained from the USU stretch test to pizza fork test values, as 
well as an understanding of the effect of age on the functional characteristics of 
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Table 8. Multiple linear regression models using parameters measured by the USU 
stretch test that showed high correlation to the pizza fork test. 
Temperature 
Variables used in model R2 Adjusted R2 
65°C 
SLw-15, --JSEo 5 0.650 0.534 
FM, SL5-1o, SEo.s 0.847 0.755 
FM2, SL5-1o2, SEo/ 0.886 0.818 
70°C 
SEF, SEo.1 0.732 0.642 
SEo.2, SEl 0.718 0.625 
SEF, SL3o, SEo.1 0.767 0.628 
75°C 
SL3o, --JSL2o-3o 0.840 0.787 
SL2o-3o, SL3o 0.793 0.724 
SL10-1s, SL2o-3o, SL3o 0.883 0.813 
80°C 
SEr, SL22 0.853 0.803 
SL2o-3o, Slope from 10-20 0.844 0.750 
em, SEF 
FM, Slope from I 0-20 em, 0.965 0.930 SEo.1, SLzz 
85°C 
SEF, SEo.5 0.899 0.848 
SEo.os, SL5-10 2 0.882 0.823 
SLs-1o, Slope from 5-15 em, 0.944 0.889 
--JSEo o5 
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Table 9. Chemical composition of cheeses used in Experiment 3. 
Cheese Moisture Fat FOB Salt pH Protein Calcium 
BB 47.3 23.8 45.1 1.99 5.16 3.51 0.61 
cc 46.5 23.0 43.0 2.11 5.24 3.66 0.69 
DO 49.2 22.0 43.3 2.37 5.13 3.33 0.46 
EE 46.4 25.0 46.6 1.99 5.24 3.59 0.49 
FF 58.4 6.5 15.6 0.99 5.02 4.15 0.65 
GG 47.3 22.8 43.2 1.90 5.10 3.35 0.55 
Mozzarella cheese, is useful in pointing out some possible problems associated with 
correlating the USU stretch test to the pizza fork test. A summary of this comparison for 
each of the tempering temperatures can be seen in Table 17 of Appendix C. For the 
purpose of this discussion, the comparison of these values for the cheese tempered at 
80°C has been shown (Table 1 0). 
It can be seen in Table 10 that the tendency of the values obtained from the USU 
stretch test is to decrease from day 21 to day 40 and again from day 40 to day 60. This is 
contrasted by values from the pizza fork test, which show an initial increase from day 21 
to day 40 followed by a dramatic decrease from day 40 to day 60. It has been shown that 
the meltability of mozzarella cheese steadily increases from manufacture to around day 
40, at which point meltability continues to slowly decrease (Fox et al., 2000; Kindstedt et 
al., 1989a). Apparent viscosity decreases in much the same manner, decreasing rapidly 
for the first 40 days and slowly decreasing following 40 days (Fox et al., 2000; Kuo et al., 
2001). Stretchability, according to Fox et al. (2000), typically increases until about 40 
days, followed by a slight decrease. The combination of these factors leads to an aged 
cheese that, although it may show a higher stretch, has decreased viscosity and increased 
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Table 10. Comparison of the USU stretch test and pizza fork test during aging. usu 
stretch test was conducted using a tempering temperature of 80°C. 
Melt Slope from Fork Test 
Cheese Strength SLJO.Js 10 to 15 em SEF SEo 1 Value 
BB-21 day 0.8 0.02 -0.0040 1.67 6.5 12 
BB-40 day 0.5 0.01 -0.0000 0.83 16 
BB-60 day 0.4 0.01 -0.0000 0.83 5.4 3 
CC-21 day 1.5 0.07 -0.0120 2.25 10.2 12 
CC-40 day 0.8 0.02 -0.0020 0.83 6.1 14 
CC-60 day 0.7 0.00 -0.0000 0.83 5.7 6 
DD-21 day 0.8 0.04 -0.0020 1.67 7.0 16 
DD-40 day 0.8 0.04 -0.0020 2.50 7.0 18 
DD-60 day 0.6 0.04 -0.0020 1.67 6.7 7 
EE-21 day 0.7 0.03 -0.0040 1.25 6.6 20 
EE-40 day 0.5 0.01 -0.0000 0.83 5.5 24 
EE-60 day 0.4 0.01 -0.0000 0.83 5.2 
FF-21 day 2.5 0.04 -0.0000 0.91 7.6 1 
FF-40 day 2.2 0.09 -0.0220 0.96 9.9 0 
GG-21 day 1.1 0.08 -0.0060 2.50 9.7 8 
GG-40 day 0.7 0.03 -0.0020 2.50 5.8 3 
GG-60 day 0.5 0.01 -0.0020 0.83 4.0 
meltability. This results in a more fluid cheese. This is shown by decreased values 
obtained from the USU stretch test. An older, more fluid, cheese exerts a smaller load on 
the probe, resulting in lower values ofFM, SL, and SE, since a lower load is reached 
sooner. This occurs even though the cheese may stretch further than it did at a younger 
age. 
This change in viscosity and meltability can be observed by examining the 
characteristics of a cheese tested by the pizza fork test over time. At day 21, thick strands 
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Table 11. Classification of cheeses by pizza fork test values when stretch is measured in 
distance (in) that a strand of cheese can be lifted before breakage. Also, the number of 
cheeses from each category, analyzed in Experiments 2 and 3. 
Category Pizza fork test values Number of cheeses (in) tested 
None 0-1 4 
Slight 1.5-3 2 
Moderate 3-5 1 
Definite 6-7 6 
Pronounced >7 11 
of cheese are raised by the fork, compared to smaller, less elastic strands at day 40. 
These thinner, less elastic, strands seen at day 40 allow the cheese to stretch further 
without breaking than do the thicker, more elastic, strands seen at day 21. At day 60, the 
strands are sufficiently thin to break after being extended a short distance. Data from the 
pizza fork test is not capable of showing this difference in strand thickness. The USU 
stretch test, on the other hand, is able to show differences in thickness of the strand being 
stretched by the Stretch Load parameter. This parameter measures the load exerted on 
the probe by the strand of cheese during the test. 
The different parameters recovered from the USU stretch test can be used to 
characterize the functional properties of the cheese. For the purpose of this discussion, 
cheeses can be divided into five categories based upon stretch (Table 11). More cheeses 
of the pronounced category were tested than the other categories. This is due to the fact 
that there were numerous cheeses that were significantly higher than 7 that were 
classified in the same grouping. 
Based upon data obtained using a tempering temperature of 80°C the functional 
properties of pizza cheese can be defined in the following manner (Table 12). FM can be 
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Slight 1.5 - 3 < 0.5 0.8 - 2.91 - 6.0 
Moderate 3-5 0.5-0.7 0.8-2.91 7-8 
Definite 6-7 0.5-0.9 0.8-2.91 7- 8 
Pronounced > 7 1.0- 1.5 0.8- 2.9 1 > 8 
1 No consistent pattern was observed, as SEF values varied from 0.8 to 2.9, depending 
upon the age of the cheese. 
used to indicate the viscosity of the melted cheese. Cheeses of the "moderate", definite", 
and "pronounced" stretch categories usually had a FM between 0.5 and 1.5 N. Cheeses in 
the "none" stretch category were very tough and for this reason broke quickly. This 
toughness is indicated by a FM value greater thm 2.0 N. Va!ues 0fSEF for these cheeses 
were typically either below 1.0 em or about 3.0 em. A lower SEF ( < 1) was obtained 
when no new load was exerted on the probe after 1 em due to poor melting properties. A 
high SEF ( > 3) was obtained due to toughness ofthe melted cheese mass, which 
ultimately causes the cheese to break in the pizza fork test. Cheeses in the "slight" 
stretch category showed a FM less than 0.5 N. This low value shows that the cheese has 
lost most of its elasticity due to proteolysis during aging. These are cheeses that form 
thin strands during the pizza fork test. These thin strands are indicated by low values of 
SL. This lms of elasticity and viscosity is also reflected in a smaller SEF value, usually 
less than 1 an, showing that F M is reached sooner. 
The iistance that the cheese strands can be extended in the USU stretch test 
(SE0.1) does not differentiate well between cheeses in the "low" stretch category and 
cheeses in the other four categories. In Experiment 2, a higher correlation was seen 
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Table 13. Values ofR2 for different parameters of the USU stretch test with the pizza 
fork test when cheeses categorized as "none" were excluded. 
Temperature FM SL10-ts Slope from SEF SEo.t 
(oC) 10 to 15 em 
65 0.81 0.59 0.67 0.21 0.00 
70 0.88 0.48 0.36 0.61 0.10 
75 0.87 0.54 0.54 0.72 0.62 
80 0.87 0.66 0.46 0.30 0.74 
85 0.87 0.60 0.65 0.82 0.79 
between SEo.t as well as FM when cheeses of the "none" category were excluded (Table 
13). This could possibly stem from the slow probe speed of the USU stretch test as 
compared to the speed of the fork used in the pizza fork test. As previously discussed, 
the probe speed used in the USU stretch test was I 00 em per min. This is considered at 
least 10-15 times slower than the typical speed of the fork used in the pizza fork test. At 
this slow speed, the strands of cheese dry out as they are raised, so that the load being 
exerted on the probe is a combination of the weight of the cheese strands, and the 
elasticity of the cheese being pulled up from the reservoir of melted cheese at the bottom 
of the strand. In the pizza fork test, this reservoir is quickly depleted as the cheese is 
distributed in a thin layer on the pizza. In trial runs using a texture profile analyzer that 
functioned at a rate of approximately 200 em per min, a difference could be seen in the 
stretch profiles of "none" and "definite" cheeses. 
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CONCLUSIONS 
The USU stretch test provides data that can be used to objectively analyze the 
f\mctional properties of mozzarella cheese. A variety of data can be attained, which gives 
an indication of not only how far the cheese will stretch, but also provides a measure of 
elasticity and viscosity. Determination of the optimum conditions for analysis of pizza 
cheese by the USU stretch test showed that the test had a high degree of repeatability 
when 50 g of shredded cheese was tempered for 45 min and stretched using a three-
pronged hook (25 mm in diameter) as a probe. Some correlation was found between data 
collected from the USU stretch test and the pizza fork test. The greatest correlation was 
found when the cheese tested by the USU stretch test was tempered at higher 
temperatures (80 and 85°C). At 80°C the highest individual correlation between the 
pizza fork test and the USU stretch test was seen when SL10_15 (R2 = 0.74), SL20_30 (R2 = 
0.75), or SEF (R2 = 0.70) were used. Multiple linear regression studies show that at 80°C 
a combination ofSEp and SL22 (R2 = 0.85, Adj . R2 = 0.80) or a combination of four 
parameters (FM, slope from 10 to 20 em, SE0.1, and SL22, R2 = 0.97, Adj. R2 = 0.93) 
provides an increased correlation to the pizza fork test. At 85°C, two values were used in 
a multiple linear regression study, SEp and SEo.o5, to provide a high correlation to the 
pizza fork test (R2 = 0.90, Adj. R2 = 0.85). 
An aging study was useful in demonstrating how the parameters of the USU 
stretch test, generally FM, SEp, and SEo.I, could be used to characterize the functional 
properties of a pizza cheese. It was seen that not only is the USU stretch test much more 
objective than the pizza fork test, but the different parameters of the USU stretch test give 
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a greater understanding of the how the pizza cheese stretches than does the single value 
of stretch supplied by the pizza fork test. 
In the future, some modifications could be made to the USU stretch test in order 
to improve its correlation to the pizza fork test. Conducting the USU stretch test using a 
texture profile analyzer capable of raising the probe at a faster rate could provide 
increased correlation with the pizza fork test by distinguishing between cheeses in the 
"none" stretch category and those in the remaining four categories. Another 
reconunendation would be to use sample cups that are shallower and have a larger 
diameter. The melted cheese in these sample cups would more closely resemble the 
melted cheese spread atop a pizza crust than the cheese melted in the sample cups that 
were used in this study. Also, since it was seen in this study that increasing the sample 
size from 30 to 50 g resulted in increased repeatability and a reduction in slippage, 
another increase in sample size, to 100 g, could result in a higher degree of repeatability 
and a greater reduction in slippage. If the sample size is increased, the size of the sample 
cup, as well as the size of the hook should be examined and possibly enlarged as well. 
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Table 14. Summary of data collected in Experiment 1 with associated R2 value for each 
parameter. 
Pizza fork Slope from Slope from 
Cheese test (in) FM SLw.Js SL2o-Jo 5-10 em 10-15 em SEos SEF 
A 5 2.2 0.50 0.27 -0.1623 -0.0560 12.1 1.85 
B 5 1.8 0.40 0.21 -0.1522 -0.0489 10.5 1.85 
c 6 1.4 0.25 0.13 -0.1143 -0.0314 8.0 2.69 
D 10 1.9 0.38 0.21 -0.1374 -0.0437 10.1 1.84 
E 10 1.7 0.42 0.23 -0.1446 -0.0460 10.7 2.18 
F 10 2.5 0.50 0.24 -0.1714 -0.0583 12.2 2.08 
G 12 1.6 0.29 0.14 -0.1126 -0.0369 8.6 2.60 
H 13 1.7 0.30 0.16 -0.1306 -0.0374 8.8 2.24 
15 2.5 0.45 0.24 -0.2426 -0.0563 11.3 0.23 
J 16 3.4 0.66 0.33 -0.2309 -0.0789 14.9 1.72 
K 18 2.5 0.46 0.2 1 -0.1806 -0.0600 11.6 2.1 1 
L 4 1.3 0.20 0. 11 -0.1029 -0.0263 7. 1 2.51 
M 5 2.0 0.46 0.25 -0.1486 -0.0500 11.4 2.69 
N 6 2. 1 0.40 0.2 1 -0.1560 -0.0474 10.5 2.09 
0 13 3.5 0.53 0.26 -0 .23J 7 -0.065 1 12.6 1.9'1 
p 14 2.0 0.34 0. 16 -0.1 508 -0.0467 9.7 2.36 
Q 20 2.1 0.32 0.14 -0.1523 -0.0460 9.4 2.53 
Correlation 
to the pizza 
fork test 
(Rz) 0.22 0.05 0.00 0.22 0.17 0.07 0.05 
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Additional Data from Experiment 2 
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Table 15. Swnmary of data attained by the USU stretch test at different tempering 
temperatures (65 , 70, 75 , 80, and 85°C) and their respective R2 values. 
Temperature 
Slope 
Cheese Fork Test (in) FM SL IQ. Js SLzo-Jo (10-15) SEF SEo1 
65°C 
s 12.00 3.55 0.73 0.40 -0.0764 2.27 30.00 
T 8.00 3.04 0.75 0.37 -0.0775 1.54 30.00 
u 7.00 2.67 0.51 0.24 -0.0559 2.64 30.00 
v 7.00 2. 15 0.42 0. 19 -0.0479 2.67 30.00 
w 7.00 1.98 0.53 0.29 -0.0482 2.90 30.00 
X 6.00 1.77 0.48 0.25 -0.0485 2.88 30.00 
y 5.00 1.65 0.45 0.27 -0.0389 2.69 30.00 
z 1.00 1.98 0.48 0.26 -0.0545 2.88 30.00 
AA 1.00 1.94 0.39 0.21 -0.0404 2.26 30.00 
Correlation to the 
Fork Test (R2) 0.537 0.521 0.425 0.429 0.082 0.000 
70°C 
s 12.00 2.51 0.30 0. 17 -0.0299 1.79 30.00 
T 8.00 1.97 0.29 0.14 -0.0346 2.27 30.00 
u 7.00 1.54 0. 18 0.09 -0.0222 2.50 18.95 
v 7.00 1.33 0. 15 0.08 -0.0203 2.50 15.54 
w 1.00 1.31 0. 18 0.09 -0.0237 2.92 18.23 
X 1.00 1.21 0.18 0.09 -0.0234 2.92 18.23 
y 7.00 1.19 0.20 0.10 -0.0229 2.92 18.83 
z 6.00 1.18 0.20 0.11 -0.0242 2.50 24.96 
AA 5.00 1.09 0.21 0. 11 -0.0214 2.50 28.61 
Correlation to the 
Fork Test (R2) 0.532 0.411 0.499 0.207 0.715 0.271 
75°C 
s 12.00 1.64 0. 14 0.09 -0.0160 1.43 14.03 
T 8.00 1.26 0.12 0.07 -0.0164 1.67 12.60 
u 7.00 0.92 0.06 0.03 -0.0078 2.50 8.98 
v 7.00 0.79 0.07 0.03 -0.0087 2.50 9.57 
w 7.00 0.72 0.08 0.04 -0.0079 2.92 9.79 
X 6.00 0.86 0.09 0.05 -0.0111 2.50 11 .04 
y 5.00 0.57 0.08 0.06 -0.0071 2.92 9.93 
z 1.00 0.90 0.08 0.04 -0.0098 2.92 10.24 
AA 1.00 0.88 0.08 0.03 -0.0116 2.08 10.49 




Cheese Fork Test (in) FM SLw-1s SL2o-Jo (I 0-15) SEF SEo.J 
80°C 
s 12.00 L23 0.10 0.08 -0_0100 2.08 12.11 
T 8.00 0.92 0.07 0.05 -0.0123 2.50 10_55 
u 7.00 0.47 0.03 0.03 -0.0032 2.92 6.92 
v 7.00 0.62 0.03 0.03 -0.0036 2.08 7.52 
w 7.00 0.63 0.05 0.03 -0.0061 2.50 8_26 
X 6.00 0.60 0.02 0.01 -0.0056 2.92 7.59 
y 5.00 0.45 0.05 0.05 -0.0022 2.50 7.80 
z 1.00 0.64 0.01 0.00 -0.0016 3.33 7.02 
AA 1.00 0.64 0.01 0.00 -0.0040 3.33 7.15 
Correlation to the 0.377 0.735 0.745 0.463 0.701 0.590 Fork Test (R2) 
85°C 
s 12.00 0.80 0.06 0.05 -0.0068 2.92 9.04 
T R.OO 0.69 0.05 0.03 -0.0072 2. 50 8.67 
u 7.00 0.50 0.03 0.02 -0.0025 2.50 7.07 
v 7.00 0.48 0_02 0.01 -0.0020 2_50 6.58 
w 6.00 0.45 o_oo 0.00 -0.0024 2.50 6.20 
y 5.00 0.31 0.02 0.02 -0.0005 2.50 5.82 
z 1.00 0.49 0.00 0.00 -0.0005 3.33 5.92 
Correlation to the 0.497 0.719 0.706 0.640 0.130 0.690 Fork Test (R2) 
Table 16. Summary ofR2 values ofSE for different temperatures 
Temperature 
(oC) SEo.s SEoA SEoJ SEo.2 SEo1 SEo.os SEooo 
65 0.525 0.487 0.493 0.000 0.000 0.000 0.000 
70 0.310 0.340 0.376 0.498 0.271 0.000 0.000 
75 0.110 0.107 0.128 0.177 0.300 OJ 52 0.000 
80 0.037 0.2 14 0.270 0.392 0.590 0.569 0.488 
85 0.591 0.228 0.445 0.536 0.690 0.782 0.270 
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Table 17. Results of Aging study comparing USU stretch test values to pizza fork 
test values. 
Temperature 
Cheese FM SLIQ.JS Slope SEF SEo.J Fork Test Value 
(10 to 15) 
65°C 
88-21 day 1.6 0.11 -0.0140 2.57 11.8 12 
88-40 day 0.7 0.02 -0.0020 0.83 30.0 16 
88-60 day 0.4 0.01 -0.0000 0.83 5.4 3 
CC-21 day 3.4 0.42 -0.0560 2.44 30.0 12 
CC-40 day 1.8 0.09 -0.0100 1.81 10.4 14 
CC-60 day 1.1 0.04 -0.0020 0.54 6.9 6 
DD-21 day 2.7 0.41 -0.0500 2.21 30.0 !6 
DD-40 day 3.1 0.48 -0.0600 2.63 30.0 18 
DD-60 day 2.4 0.30 -0.0420 2.22 22.6 7 
EE-21 day 2.5 0.29 -0.0440 2.21 30.0 20 
ES-40 day 1.7 0. 11 -0.0200 2.66 12.5 24 
EE-60 day 1.2 0.05 -0.0080 2.50 8.6 
FF-21 day 6.6 0.13 -0.0260 1.97 11.0 I 
FF-40 day 5.0 0.08 -0.0300 2.65 10.0 0 
GG-21 day 3.5 1.10 -0.1140 2.16 30.0 8 
GG-40 day 2.1 0.13 -0.0220 2.25 12.3 3 
GG-60 day 1.4 0.03 -0.0040 1.73 7.8 
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Temperature FM SL10-1s Slope SEF SEo1 Fork Test Value 
(I 0 to 15) 
Cheese 
70°C 
BB-21 day 1.3 0 .06 -0.0080 2.36 9.0 12 
BB-40 day 0.6 0.00 -0.0000 0.83 16 
BB-60 day 0.5 0.02 -0.0000 0.83 5.7 3 
CC-21 day 2.3 0.20 -0.0280 2.62 22.0 12 
CC-40 day 1.3 0.06 -0.0060 1.12 8.3 14 
CC-60 day 0.9 0.04 -0.0020 0.83 6.4 6 
DD-21 day 1.6 0.15 -0.0220 1.88 13.6 16 
DD-40 day 1.7 0.13 -0.0200 2.31 13.2 18 
DD-60 day 1.3 0.09 -0.0140 2.50 10.8 7 
EE-2 1 day 1.5 0.08 -0.0120 1.43 10.4 20 
EE-40 day 1.0 0.04 -0.0060 1.67 7.8 24 
EE-60 day 0.8 0.02 -0.0040 0.83 6.8 
FF-21 day 4.7 0.08 -0.0 140 1.44 10.4 I 
Ff-"-40 day 3.3 0. 10 -0.0160 1.53 10.1 0 
GG-Ll da~ 2.1 0.34 -0.0400 1.85 30.0 8 
GG-40 day 1.2 0.03 -0.0040 2.50 7.4 3 
GG-60 day 0.9 0.00 -0.0000 1.67 5.3 
75°C 
BB-21 day 0.9 0.02 -0.0040 1.67 6.8 12 
BB-40 day 0.5 0.00 -0.0000 0.83 16 
BB-60 day 0.4 0.01 -0.0000 0.83 5.7 3 
CC-2 1 day 1.5 0.08 -0.0100 2.28 10.0 12 
CC-40 day 0.9 0.03 -0.0020 0.83 6.7 14 
CC-60 day 0.7 0.02 -0.0000 0.83 6.0 6 
DD-21 day 1.1 0.04 -0.0080 2.50 8.5 16 
DD-40 day 1.1 0.06 -0.0060 2.50 8.8 18 
DD-60 day 0.9 0.04 -0.0020 2.08 7.2 7 
EE-21 day 0.9 0.01 -0.0060 2.08 6.9 20 
EE-40 day 0.6 0.00 -0.0100 0.83 5.8 24 
EE-60 day 0.5 0.01 -0.0020 0.83 5.7 
FF-21 day 3.0 0.06 -0.0000 1.05 8.1 I 
FF-40 day 2.8 0.04 -0.0040 1.39 9.1 0 
GG-21 day 1.5 0.12 -0.0100 2.50 13.4 8 
GG-40 day 0.9 0.03 -0.0040 1.67 7.0 3 
GG-40 day 0.7 0.01 -0.0000 0.83 4.7 
53 
Temperature 
Cheese FM SL 10•15 Slope SEF SEo, Fork Test Value 
(10 to 15) 
85°C 
BB-21 day 0.9 0.05 -0.0060 2.50 8.0 12 
BB-40 day 0.5 0.02 -0.0020 0.83 16 
BB-60 day 0.3 0.02 -0.0000 0.83 5.5 3 
CC-21 day 1.3 0.05 -0.0100 2.50 9.0 12 
CC-40 day 0.7 0.00 -0.0000 1.67 5.9 14 
CC-60 day 0.7 0.02 -0.0000 0.83 5.8 6 
DD-21 day 0.5 0.00 -0.0000 1.67 5.5 16 
DD-40 day 0.5 0.04 -0.0020 1.67 6.2 18 
DD-60 day 0.5 0.03 -0.0020 1.25 5.5 7 
EE-21 day 0.4 0.02 -0.0020 2.08 5.1 20 
EE-40 day 0.4 0.00 -0.0200 0.83 5.0 24 
EE-60 day 0.3 0.0! -0.0000 0.83 5. 1 
FF-21 day 2.0 0.01 -0.0000 0.97 6.2 
FF-40 day 1.7 o.oz -0.0080 1.02 7.3 0 
C:G-'21 da~ 1.0 1).03 -o.oo:w 2.50 7.1 8 
GG-40 day 0.6 0.03 -0.0020 1.67 5.6 3 
GG-60 day 0.4 0.01 -0.0020 0.83 4.2 
